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Abstract

Many materials have been theoretically predicted to be half-metallic,

and hence suitable for use as pure spin sources in spintronic devices. Yet to

date, remarkably few of these predictions have been experimentally verified.

We have used spin-polarized photoelectron spectroscopy to study one

candidate half-metallic system, Fe3O4. Such experiments are normally

hampered by difficulties in producing clean stoichiometric surfaces with a

polarization that is truly representative of that of the bulk. However, by

utilizing higher photon energies than have traditionally been used for such

experiments, we can study polarization in "as received" samples, essentially

“looking through” the disrupted surface.

High-quality, strain-relieved, ex-situ prepared Fe3O4 films that have

been thoroughly characterized by diffraction, transport and magnetometry

studies of their crystallographic, electronic and magnetic properties.  The

spectroscopic results are found to agree fairly closely with previously

published experimental data on in-situ grown thin films and cleaved single

crystals. However, despite the higher photoelectron kinetic energies of the

experiment, it has not been possible to observe 100% polarization at the

Fermi Level.  Hence, our data does not support the claim of true half-

metallicity for Fe3O4.
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I. Introduction

The field of half-metallic ferromagnets has attracted intense theoretical,

experimental, and technological interest in the decades since de Groot1 first

postulated the existence of such materials, based upon theoretical band structure

calculations of the ferromagnetic Heusler alloy NiMnSb.  By definition, such

materials possess metallic character for one electron spin population and

insulating or semiconducting character for the other, and thus exhibit 100%

polarization of the conduction band.  Much of the interest in such materials stems

from the technological potential of half metals for use as a pure spin sources in

future spintronic applications2, which would fully exploit the electron spin state in

addition to its charge to produce innovative, non-volatile, radiation-hard, data

processing and storage devices.

Theoretical bandstructure calculations have now predicted half-metallic

character for a wide range of materials.  In addition to Heusler alloys3, these

include, pervoskites4, 5, metallic oxides6 and CMR systems7.  Despite intense

experimental investigation over many years, very few of these theoretical

predictions have been verified experimentally8. The most compelling evidence to

date for half metallic character has been obtained from Andreev reflection studies

of the metallic oxide CrO2 
9 and spin resolved photoemission studies of the

Pervoskite LaSrMnO3
10.  However, the latter report has recently been questioned

in the literature11. The reasons for the absence of 100% polarization in real world

systems are many-fold.  These include the limitations inherent to the theoretical

models that arise from (1) the complex crystallographic structures of many of the

candidate materials and (2) the possible presence of strong electron correlation



High-Energy, Spin-Resolved Photoelectron Spectroscopy
of Fe3O4:  The Case Against Half-Metallicity

Morton/Tobin Page 3 10/20/06

which would severely limit the appropriateness of the standard single electron

picture.  Furthermore, significant experimental challenges have also been

encountered in studying many candidate half-metallic systems.  These

experimental limitations include the recurrent issues of stoichometry,

contamination, surface termination, reconstruction12 and segregation13.  All of

these make it extremely challenging to obtain a surface with a stoichiometric,

electronic and magnetic character that truly represents that of the bulk material

and is thus suitable for further study using the standard techniques for measuring

the polarization of the conduction electrons - Andreev reflection or spin resolved

photoemission.  These experimental and theoretical difficulties have spurred

particular interest in the proposed metallic oxide half metals CrO2 and Fe3O4.

These two oxides have crystallographic structures that are much simpler than

that of many of the other candidate materials, making them significantly easier

both to model theoretically and to prepare experimentally.  Furthermore,  both

materials have long histories of prior technological use, particularly in the data

recording industry, and so their preparation and characteristics are already well

understood.  Fe3O4 in particular can be grown using relatively minor variations on

standard deposition techniques, which thus makes it particularly suitable for

accelerated integration into potential device physics applications.

In the next several sections of the paper, the following topics will be

discussed sequentially: The structure and magnetism of Fe3O4; The sample

preparation; Experimental results from “as received” samples; the impact of

cleaning by ion bombardment; The temperature dependent spin polarization
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measurements; The depth dependent polarization measurements; and The

comparison of experimental results to theoretical DOS calculations.  In the

Conclusions, it will be discussed how the experimental results point inevitably to

the absence of half-metallicity in Fe3O4.

II. Historical overview: the Structure and Magnetism of Fe3O4

At room temperature Fe3O4 has a cubic inverse spinel structure in which

the larger O ions form a close-packed fcc structure,  with the smaller Fe ions

occupying two distinct interstitial sites within the O lattice that are normally

denoted as A and B.   One third of the Fe ions occupy the tetrahedrally co-

ordinated A sites, which consist solely of Fe3+ ions, whilst the remaining two

thirds occupy the B sites which are octrahedrally coordinated and contain both

Fe2+ and Fe3+ ions arranged in a random distribution.  Across a temperature

range from 120K up to the Néel transition at 858K,  the moments within the

individually A and B sub-lattices are ferro-magnetically coupled, but in opposite

directions  This results in an overall ferri-magnetic character with a net magnetic

moment of 4.1uB per formula unit14.  Theoretical local-spin-density-approximation

band-structure calculations6 of this ferri-magnetic phase have predicted that it is

half-metallic with a spin-up band gap of approximately 0.4eV and a partially filled

metallic spin-down t2g conduction band.

One particularly noteworthy feature of Fe3O4 is the existence of a Verwey

transition15 at 120K, which is characterized by an abrupt drop in conductivity by

some two orders of magnitude upon cooling through the transition, as well as a

pronounced drop in magnetization. The precise nature of this transition has long
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been the subject of much debate.  However Verwey and Haayman15 have

interpreted it as resulting from spontaneous ordering of the Fe B lattice sites

leading to a structural transformation from cubic to monoclinic and the closing

down of the two stage electron hopping process between the 2+ and 3+ B lattice

sites that forms the primary conduction mechanism above Tv..

The presence of the Verwey transition is of crucial importance for any

experimental investigation of the proposed half-metallic character of Fe3O4, as it

precludes the use of one of the most powerful techniques normally utilized in

such investigations: Andreev reflection.   These measurements must be

performed at temperatures that are significantly below the Tv for Fe3O4.  Hence,

most studies of electron polarization in Fe3O4 have focused on using spin

resolved photoemission or spin resolved secondary electron spectroscopy.  To-

date, such measurements have yielded highly disparate results in which

polarizations at Ef range from +30%16 to -80%17 for thin films and -40%18 to -

60%16 for bulk cleaved single crystals.  A number of factors have been invoked to

explain the failure to observe -100% polarization in Fe3O4, including the presence

of strong electron correlation effects19, 20 and the excitation of spin waves17.   It is

clear than one factor of crucial importance in such measurements is the

presence of significant sample preparation and characterization issues such as

surface reconstructions12, surface disorder, surface contamination and interfacial

strain21.  The latter is a particular problem for the type of thin film samples that

are of crucial interest for possible spintronic applications and which must

generally be grown on an epitaxial substrate.   Interfacial strain has been shown
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to have a dramatic impact on the observed magnetic properties of such

samples21, 22.  Hence, proper characterization and elimination of interfacial strain

is vital in any systematic investigation of the polarization of epitaxial thin film

Fe3O4 samples.  Such characterization can be achieved through close monitoring

of the sharpness, magnitude and onset temperature of the Verwey transition.

Small variations in the observed values from those that are characteristic of bulk

single crystals are indicative of (1) the presence of strain, (2) small deviations

from stoichiometry, or (3) sample inhomogeniety in the films23, 24.  Such

measurements provide a powerful tool for the characterization of Fe3O4 sample

quality and are crucial in the preparation of high-quality,  strain-free films for

subsequent polarization analysis.

III. Sample Preparation

Single-crystal, epitaxial, thin-films of Fe3O4 (001) were prepared by the

University of California-San Diego (UCSD) and Pacific Northwest National

Laboratory (PNNL), using two slightly different preparation methods.  Samples

prepared by UCSD were grown by reactive d.c. sputtering of Fe onto MgO (001)

substrates.  Deposition was conducted in a partial pressure of O2 (2% ± 0.2%) at

a substrate temperature of 400!C. The existence of several structurally similar

stable iron oxide phases at room temperature necessitates the precise control of

gas composition and substrate temperature, if the correct stoichiometry and

crystal structure are to be achieved.  MgO has been widely used as a growth

template for Fe3O4 as its lattice parameter is almost precisely half that of Fe3O4.

Although the lattices have a different crystallographic structure, they are both
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based on an O fcc sub-lattice which allows for a continuous O structure across

the interface.  Despite this, such films normally exhibit considerable in-plane

tensile stress due to the 3% interfacial lattice mismatch.  In turn, this leads to

anomalous magnetic properties21, 22 and a suppressed Verwey transition23, that

occurs at a temperature significantly below that normally observed in bulk single

crystals.  Such in-plane stress was relieved in the UCSD samples by the growth

of a 300Å buffer layer between the MgO substrate and the final 1000Å Fe3O4

layer.  Such multilayer samples displayed negligible signs of interfacial

roughness and strain when characterized by x-ray diffraction (XRD, Figure 1) and

reflection high energy electron diffraction (RHEED).  They also exhibited

pronounced Verwey transitions at temperatures close to those observed in bulk

single crystals, as determined by temperature dependant measurements of

sample magnetization passing through the transition (Figure 2).  Furthermore,

the magnetization hysteresis loops (Figure 3) are square above the Verwey

transition temperature, corresponding to the ferri-magnetic coupling regime of the

A and B sub-lattices, in which the two sub-lattices switch magnetization

simultaneously.  Below the Verwey transition, the loops become stepped

corresponding to weak ferromagnetic coupling of the sub-lattices.  Here, there

are separate discrete switching points for the A and B sub-lattices, occurring at

different field strengths, as would be expected from bulk single crystal Fe3O4

samples.  Thus, the ex-situ growth of high-quality, strain-free, Fe3O4 thin-films on

MgO and the precise characterization of their structural character via x-ray and

electron diffraction techniques, combined with magnetometry studies of their
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Verwey transitions, avoids some of the pitfalls associated with the in-situ

oxidation of single crystal Fe surfaces25, 26.

Figure 1.
X-ray diffraction scan of
Fe3O4 thin film grown
via the UCSD method
shows negligible
interfacial roughness.

Figure 2.
Temperature dependent
magnetometry data of
strain relieved Fe3O4

film grown via the
UCSD method; data are
normalized to a
temperature of 120K.
Note the drop in
magnetization occurring
at approximately the
same temperature as that
of the Verwey transition
seen in bulk Fe3O4

crystals

Figure 3.
Temperature dependent
magnetic hysteresis
loops from strain
relieved Fe3O4 film
grown via the UCSD
method. Note single
switching above the
Verwey transition
temperature and two
stage switching below it.
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Samples grown at PNNL were prepared in a slightly different manner, by

evaporation of Fe at a rate of 0.5+- 0.1Ås-1, in the presence of an oxygen

plasma.  The oxygen plasma was activated by an electron cyclotron resonance

source in the manner described elsewhere12.  Evaporation was again onto

Mg(001) substrates and again a buffer layer was used to alleviate interfacial

strain.  In this case, a somewhat different method was used to obtain high quality

strain free samples.  Initial growth of the first 1000Å of Fe3O4 was conducted at

an elevated temperature of 450C, then the temperature was lowered to 250C for

the final 1000Å deposition.  This preliminary, high-temperature growth phase

causes out-diffusion of Mg from the substrate24, into the lower layers of the film.

This results in step-flow growth, which relieves interfacial strain, removes defects

and produces atomically smooth Fe3O4 surfaces as characterized by RHEED

(Figure4).  Additional in-situ characterization, by Low Energy Electron Diffraction

(LEED, Figure 5), demonstrated the presence of the characteristic !2 x !2 R45°

surface reconstruction of Fe3O4 
12, with no evidence of any additional

contributions from other ordered phases such as Fe2O3 or FeO.   In-situ X-ray

photoelectron spectroscopy (XPS), conducted with a Scienta 200 analyzer,

demonstrated that the ratios of the Fe3+ and Fe2+ contributions to the Fe2p3/2

peak and the overall O1s lineshape are all characteristic of those seen in high

quality single phase Fe3O4 samples12 (Figure 6).
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Figure 4.
RHEED images from an Fe3O4 film
grown by the PNNL method compared
to equivalent images from the bare MgO
substrate.

Figure 5.
LEED image from an Fe3O4 film grown
via the PNNL method show the !2 x !2
R45° surface reconstruction that is
characteristic of a high quality Fe3O4

surface.  The energy was 97 eV.

Figure 6.
a) In-situ XPS spectrum
(h"=1253.6eV) of the Fe2p region taken
from a Fe3O4 film grown via the PNNL
method. Fe2+ contribution is visible as a
distinct shoulder on the low binding
energy side of the Fe3+ peak
b) In-situ XPS spectrum
(h"=1253.6eV) of the O1s peak region
taken from a Fe3O4 film grown via the
PNNL method
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IV Experimental details

After growth, the samples were transferred ex-situ to the Beamline 7

SpectroMicroscopy Facility Spin Chamber at the Advanced Light Source.  Here

were performed further studies using XPS, UPS, X-Magnetic Linear Dichroism in

Photoemission (MLDAD) and Spin-Resolved Photoelectron Spectroscopy

(SPES).  This facility is described in detail elsewhere27, 28.  The third-generation,

high-brightness undulator provides a tunable source of 80-1300eV photons,

linearly polarized in the plane of the accelerator.  Peak flux from first harmonic

radiation is obtained over an energy range of approximately 80-190eV and it is

this region that provides optimal conditions for SPES and for valence band

photoemission.  Higher energy 5th harmonic radiation can also be used for core

level XPS, primarily for sample characterization purposes.  The XPS

measurements were normally conducted at an energy of 1253eV for comparison

with published data from MgK-alpha sources.  It should be noted that the 1st

harmonic energy range used for both valence band spin integrated and spin

resolved photoemission, and hence both the kinetic energy of the emitted

photoelectrons and the resulting experimental sampling depth, are all

substantially higher  than those commonly used for SPES at most other

synchrotron facilities or with traditional noble gas discharge sources.

The emitted photoelectrons are collected by a PHI 10360 SCA

hemispherical analyzer modified to be capable of operation in both spin-

integrated (conventional XPS) and spin-resolved (SPES) mode27, 29. In spin-

integrated mode, the electrons are detected by a micro-channelplate detector
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situated at the exit plane. In spin-resolved mode, the electrons are focused

through a central hole in the channelplates and enter a compact 20kV micro-Mott

detector capable of resolving both the in-plane and out of plane components of

magnetization with a Sherman function of 0.12 and a figure of merit of

approximately 105. Samples were measured under remnant magnetization

conditions, in which they exhibit virtually complete saturation (Figure 3). Between

successive spectral sweeps the magnetization direction was reversed via pulsed

Helmholtz coils.  This procedure was used to eliminate any possible contribution

from instrumental asymmetries30.

Figure 7
Here is shown a
schematic of the
energy and spin
analyzer system. The
multi-channel detector
(no spin) is at the exit
plane of the large
hemisphere.  The
multi-channel detector
has a hole in its
center, which permits
electrons to go
through it and into the
electron optical
system.  This
includes a 90 degree
bend and ends at the
Mott detector.  The
Mott detector
measures two
components of the
spin, along z and x.
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The experimental resolution for spin integrated XPS, taking into account

both photon source and analyzer contributions, is as follows: (1) approximately

0.1eV for valence band and shallow core level studies conducted at energies

below 190eV and (2) 0.8eV for high energy XPS survey spectra that were

conducted at energies above approximately 1000eV.  In spin resolved mode, the

experimental resolution is approximately 0.5eV for energies below 190eV. The

analyzer was operated at an angular resolution of approximately +/- 7° resulting

in parallel and perpendicular reciprocal space momentum (k) resolutions of

1.56Å-1 and 0.1Å-1 respectively.  This large angular acceptance has important

implications for the study of half metals: in order to meet the definition of half-

metallicity, the candidate material must exhibit 100% polarization over the entire

Brillouin zone.  A spin spectrometer with high angular resolution will only probe a

small proportion of the Fermi surface that is highly localized in k-space.  Hence,

even if the measured polarization in that region reaches 100%, this is not

sufficient to confirm the half-metallic nature of the sample. The large angular

acceptance of our analyzer combined with the relatively large unit cell of Fe3O4 (a

= 8.3962 Å, hence G=0.75Å), means that we are probing a significant fraction of

the Brillouin zone.  Thus, our spin resolved band structure measurements are

largely free of k dependent angular effects.  Furthermore, by varying the photon

energy, the region be sampled can moved around in inverse space.

Additionally, photoelectron diffraction effects, which can also contribute

significantly to the observed signal in a conventional spin integrated

photoemission measurement, have previously been demonstrated to have a
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negligible impact on electron spin polarization as a function of emission angle31.

Hence the data presented can be considered to be primarily angle integrated in

character and truly representative of the of the bulk density of states (DOS).

V. Experimental results from “as received” samples

As can be seen in Figure 8a, there is a strong spin specific response that was

observed in the as received samples.  An extensive analysis of surface

degradation (Figure 8b) and contamination (Figure 8c) effects was also pursued,

as will be described next.

Figure 8
8a) Spin resolved photoemission
spectra from a) “as received” sample
h"=160eV.

8b) Spin resolved photoemission
spectra from a sample after Ne+
sputtering, h"=160eV.
Note the large effect observed in the as
received sample in (a) and the reduction
of the effect in (b)

8c) Angle dependent XPS
measurements of Fe, C and O core level
ratios taken from a sample after
exposure to air during transfer.

(c)
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Throughout the data acquisition phase samples were maintained at a

base pressure of ~ 5x10-10.  As a result of exposure to atmosphere during the ex-

situ transfer the samples displayed initial "as-received" surface contamination

levels of ~0.5 - 1 nm, as measured by Auger Electron Spectroscopy (AES) and

angle dependent XPS (h# = 1250 eV).  This consisted entirely of C and O

species32.  Comparison of XPS core level ratios (Figure 8c) shows that C / Fe

ratio rises with increasing emission angle, confirming that the C is strongly

segregated at the surface.  The O/Fe ratio remains approximately constant,

indicating that O is present in both the bulk and surface layer, as expected for

expeditious surface contamination.  Despite this initial surface contamination,

XPS measurements of Fe2p and O1s (Figure 9), conducted on the same sample

as Figure 6 but after ex-situ exposure to atmosphere, reveal that the Fe2+ and

Fe3+ contributions to the Fe2p lineshape remain essentially unchanged.  This

result confirms that there has been no significant change in chemical

environment as a result of exposure. The O1s peak also remains largely

unchanged although it is considerably broader than before. The broadening of

the O1s peak may be due to the presence of low levels of multiple organic

species on the surface.  However, it may also simply be a reflection of the

somewhat lower resolution of the analyzer.  UPS measurements of the Fe3O4

valence band conducted at a photon energy of 160eV (Figure 10) are also

virtually identical to published spectra from in-situ prepared Fe3O4 films20.
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    Binding Energy (eV)

Figure 9.
a) XPS spectrum
(h"=1253.6eV) of the
Fe2p region taken from
the same sample as
figure 6 after exposure
to air during ex-situ
transfer. Fe2+ , 3+ ratios
remain virtually
unchanged indicating no
significant change in
chemical environment as
a result of exposure to
the air.

b)XPS spectrum
(h"=1253.6eV) of the
O1s peak region taken
from same sample as
figure 6 after exposure
to air during ex-situ
transfer.

Figure 10
Valence band UPS
spectrum of “as-
received” Fe3O4 film.
h"=160eV.

                  Binding Energy (eV)
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MLDAD measurements conducted on the Fe3p peak at a photon energy

of 160eV (Figure 11) demonstrated the characteristic “W” form of Fe3O4
26.  The

“W” form arises from the overlapping sets of Fe3p multiplet structures from the

Fe2+ (octahedral) and Fe3+ (octahedral and tetrahedral) sites.  SPES conducted

on these "as received" samples at a photon energy of 160 eV (Figure 8a)

revealed strong positive polarization ( ~40%) of the valence band maximum,

decreasing to a crossover in the sign of the polarization at approximately 0.9eV,

and strong negative polarization of the Fermi edge ( ~-40%). These data were

indistinguishable in both magnitude and form from data reported for both in-situ

cleaved bulk single crystal Fe3O4 samples18 and in-situ prepared thin-film

samples19. Together, the results discussed above conclusively demonstrate that

exposure to atmosphere during transfer has a negligible impact on sample

quality for high-quality, ex-situ prepared samples, apart from the addition of a thin

overlayer of weakly bound adsorbates.

      Binding Energy (eV)

Figure 11.
Magnetic linear
dichroism spectrum of
Fe3p peak from “as-
received” sample,
h"=160eV.  Here, there
is no spin detection,
only the dichroic
response in spin-
integrated photo-
emission, driven by
magnetization reversal
and the utilization of a
chiral configuration of
vectors including linear
polarization.
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VI. Impact of cleaning via ion bombardment

In contrast, in-situ cleaning processes can have a dramatic impact on the

observed magnetic properties of the sample. As can be seen in Figure 8b, 5

minutes exposure to Ne+ bombardment or annealing at 500C resulted in total

loss of the previously strong polarization and even some reversal of

polarization16.  Despite this dramatic impact on the near surface magnetic

properties, XPS measurements conducted before and after sample cleaning

provided no indication that such significant sample modification had taken place.

Hence, spin resolved photoemission provides a powerful surface specific probe

of magnetic order. Some success in producing clean surfaces was observed by

annealing in a partial pressure of 10-6 O2 for 15 minutes.  This procedure also

resulted in an increase in the observed polarization of some 10% in absolute

magnitude, for samples showing particularly high levels of initial contamination.

However, the risk of significant sample modification either through changes in

surface stoichiometry or increased Mn diffusion mobility from the underlying

substrate was deemed too great to rely on this procedure.  Thus subsequent

discussion will focus on measurements of high-quality, ex-situ prepared samples

displaying low to moderate levels of as-received surface contamination.

VII. Temperature dependent spin polarization measurements

The temperature dependence of the near Fermi edge polarization of the

“as-received” samples was investigated over a range of temperatures from 100K

up to room temperature using an APD Cryogenics Displex DE202 closed cycle

helium cryostat with a quoted accuracy of +1K.  Spectra taken at representative
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temperatures can be seen in Figure 12.  Little difference could be detected in the

spin resolved near Fermi edge spectra across the range of temperatures studied.

These results are similar to previous studies33 using high resolution spin

integrated Ultra-Violet Photoemission Spectroscopy (UPS), which also

demonstrated minimal changes in the overall structure of the near Fermi edge

region.  The earlier study did demonstrate a steady decrease in the density of

states (DOS) at the Fermi Level and the opening up of a band gap of ~70meV at

100K associated with the Verwey metal-semiconductor transition.  Although the

resolution of our spin resolved study is not sufficient to confirm the existence of

such a bandgap, there were some indications of a reduced DOS at the Fermi

level at the lowest temperatures.  In general, it was not possible to acquire

spectra at temperatures significantly below 100K due to a charging problem. This

problem maybe indicative of the dramatically decreased conductivity that would

be expected to occur below Tv. Our experiments also suggest that the magnitude

of the polarization reaches a slight maximum immediately above the Verwey

transition, at a temperature of 127K +3K (Figure 13).  This temperature is close

to that of the isotropic point in which the first order magnetocrystalline anisotropy

constant changes sign34, 35.  It was not possible to conduct direct measurements

of the Verwey transition after exposure to air.  However, these observations of

effects, which are themselves closely linked to the characteristics of the Verwey

transition, together with the earlier spin-polarized and dichroism data, provide

significant support to the notion that the impact of the exposure to air on the

magnetic properties of the sample is negligible.
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This suggestion of a maximum in the magnitude of the polarization for

temperatures immediately above Tv is also supported by the high resolution spin

integrated study.  The previous spin-integrated work suggests that, as

temperatures increases from Tv towards room temperature, the minority-spin t2g

states at the Fermi level overlap increasingly with the majority eg states present

above 1 eV binding energy.  The minority-spin t2g states are responsible for the

half metallic character, so this process would be expected to result in a steady

decrease in the observed polarization.  Operationally, for all subsequent spin

resolved measurements, temperatures around the polarization maximum of 127

K were used.

Binding Energy (eV)

Figure 12
Spin polarized
photoemission
measurements of the
Fermi edge region of
Fe3O4 conducted at
discrete temperatures
from 100K to room
temperature, h"=160eV.

Figure 13
Fermi edge spin
polarization as a
function of temperature
for three “as-received”
samples, h"=160eV.
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VIII Depth dependent polarization measurements

The magnitude of the observed polarization of the near Fermi edge region

of Fe3O4 is significantly less than the 100% required for half-metallicity.

However, this observation does not necessarily preclude the existence of half-

metallic character for bulk Fe3O4, as a number of additional factors, both

experimental and physical, may act to reduce the observed value from that of the

bulk material. The relatively broad energy resolution of the electron analyzer with

Mott detection means that data are convoluted over a relatively wide region in the

vicinity of the Fermi level, not all of which would necessarily posses 100%

polarization.  This convolution would act to reduce the maximum observed value.

Furthermore, the existence of the well documented !2x!2 R45° Fe3O4 surface

reconstruction12 strongly suggest the presence of a significant magnetically dead

region at the surface.  Such re-constructions are readily accounted for by

invoking the principle of surface autocompensation36, 37 , i.e that the most

energetically stable surfaces of compound materials with some degree of ionicity

are those for which cation (anion) derived dangling bonds are completely empty

(or full).  However, this principle applies only to semi-conducting or insulating

surfaces.  Such surfaces are driven to achieve auto-compensation, through

reconstruction, in order to eliminate the surface dipole, which produces a

diverging electrostatic energy in the bulk.  There is no need to reconstruct in

order to auto-compensate if a surface is metallic because the surface dipole

would be screened by free carriers. The fact that Fe3O4(001) exhibits a

reconstruction predicted by the surface auto-compensation principle for either of
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the two possible bulk terminations38, 39 suggests that the surface layer is not

metallic, but either semi-conducting or insulating. If this layer is magnetically

weak (or magnetically dead), it's contribution to the SPES signal would mix with

that of underlying layers to yield a SP of less than 100%.  In addition, the

presence of additional surface contamination in the “as-received” samples will

further increase the thickness of the magnetically dead surface layer, to an extent

that is dependant on the amount of contamination present.

VIIIa Estimation of possible magnetically dead surface layer

If we assume that the surface corruption or reconstruction would tend to

destroy the ferri-magnetism associated with the bulk, we can attempt to estimate

the underlying spin polarization, by calculating the relative contributions from an

unmagnetized surface layer and from an assumed HMFM bulk material below.
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Here, we have defined Io as a normalized emission and e-x/$ is the

attenuation, with x being the depth into the sample, $ the mean free path of the

outgoing electron40, 41, and t is the thickness of the surface corruption or

reconstruction.  Our typical observed polarization is about -40%.  If P% is set equal

to &-40%&, then t/$ = 0.92. Since the mean free path is about 5 Å to 8 Å, this
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means that the corrupted/reconstructed layer is on the order of 5 Å to 7 Å thick,

or roughly 1/2 to 1 unit cell (a = 8.4 Å).  Thus, it is possible that there is

approximately 1/2 to 1 unit cell of the Fe3O4 that is being demagnetized by the

residual surface contamination or reconstruction.  Of course, this is a maximal

prediction, based upon the assumption of an underlying bulk polarization of

100%, which may not be justifiable.  We will return to this later.

The existence of a magnetically dead surface layer, overlying a more

strongly polarized bulk can be confirmed through the use of Angle Dependant

Spin Polarized Photoemission. Due to the previously described angle integrating

character of the spin analyzer and the relatively large unit cell of Fe3O4, such

angular dependant measurements will be largely devoid of momentum

dependent angular effects.   Instead, they will be dominated by the change in the

experimental sampling depth as photoelectrons are detected from progressively

shallower depths at increasing emission angles, to produce a probe of

polarization as a function of depth.  This effect can be seem clearly in Figure 14

which shows spin-polarized spectra of the near Fermi edge region of two typical

“as received” samples.  Also shown are their associated spin integrated survey

spectra taken at 1253.6eV, displaying the differing levels of initial surface

contamination, as indicated by the strength of the C1s peak visible at

approximately 285eV.   A number of features should be noted. The spin resolved

spectra are similar at normal emission, displaying strong negative polarization of

the near Fermi edge region, decreasing to a cross over point around 1eV.  As the

angle of electron emission is increased, Sample A displays a marked decrease in
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the polarization at the Fermi edge, as might be expected from the presence of a

smooth, contiguous and homogenous un-polarized over-layer.  In contrast,

sample B displays a greatly reduced angular dependence.  Indeed, the changes

in polarization are less than the experimental error. These observations can be

explained by reference to the initial levels of contamination, as indicated by the

spin integrated survey spectra. The level of surface contamination present on

sample A is less than one third of that present on sample B.  Thus, the de-

magnetized over-layer, due to surface disruption from the contamination and re-

construction, no-longer forms a smooth, contiguous, homogenous layer, and so

in this case discreteness and roughening effects can no longer be neglected in

such an analysis.

     A     B

     Binding Energy (eV)

Figure 14
Angle dependent spin
resolved spectra of the
near Fermi region,
conducted at 0, 30 and
60 degrees off normal
emission, for two
different “as-received”
samples, at h"=160eV.
Also shown are the
corresponding XPS
survey spectrum,
illustrating the relative
levels of surface
contamination.
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Nevertheless, this approach can be independently corroborated, by

studying how the polarization of the near Fermi edge region changes as a

function of photon energy (Figure 15).  Decreasing the photon energy also

changes the electron attenuation length in a manner analogous to that of

increasing the emission angle. The range of electron probe depths accessible by

changing the photon energy is not as great as those accessible via changes in

electron emission angle, and the picture is further complicated by the changes in

atomic cross sections, which also occur as a function of photon energy.

(Although, the relative contributions of Fe, C, and O remain approximately

constant across this energy range42.) However, despite these limitations, such a

study does allow an independent estimate of the thickness of the magnetically

dead surface layer and hence to further constrain the possible range of the

underlying bulk polarizations.  We will return to these subjects below.

Binding Energy (eV)

Figure 15
Photon energy
dependent spin
resolved spectra of
the near Fermi edge
region conducted at
normal emission.
Samples are the
same as those used
in Figure 14.
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VIIIb Quantitative model of a magnetically dead surface layer

The angular dependence of the polarization can be considered in a more

quantitative manner.  This would enable the estimation of what the underlying

bulk polarization of the Fe3O4 samples might be, once the presence of the

magnetically dead layer, formed from the combined effects of surface re-

construction and surface contamination, is taken into account. The polarization is

derived from the up and down components30,43 in the manner described in Eq. (1)

!+

!+

+

!
=

II

II
P (1)

However, in the case of a material possessing a magnetically distinct surface

layer, the spin up and down populations can be thought of as having two

separate contributions, derived from the under-layer (i) and over-layer(j), as

shown in  Eq. (2).
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p = (i+ - i- )/(i+ + i-) (4)

From these it is possible to extract the component, p, due solely to the underlying

bulk material (4). Assuming that the overlayer is magnetically dead, and hence

j+=j-, then
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( )
0

0

zz
0

zz
0

eii

e1jj
−

−

=

−=
(6)

where z is the electron path length and z0 is the electron escape depth. If d is the

film thickness and ' is the emission angle then

θ
=
cos

d
z (7)

Hence substituting into (5) and defining the parameters ( and n,
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It is possible to obtain a linear relationship for the underlying polarization,

expressed as an inverse linear function of both the observed polarization and the

film thickness, where y = mx  + b is the standard form for a line.
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Thus, assuming that the over-layer is indeed completely demagnetized, the

underlying polarization, excluding scattering in the over-layer, can be extracted

from the a least squares fit to a plot of 1/P versus en .
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Figure 16
Experimental values for the polarization of two samples (a,b) as a function of both
emission angle (ai, bi) and photon energy (aii, bii).  These are shown together with the
calculated curves of what the angular dependence would be for (1)best fit, (2)maximum
and (3) minimum values of the underlying polarization, as determined from our substrate-
over-layer model.

The results of this analysis can be seen in Figures 16a and 16b, which

show the experimental values for the two samples as a function of both emission

angle and photon energy.   Also plotted are the calculated curves of what the

angular dependence would be for (1)best fit, (2) maximum and (3)minimum

values of the underlying polarization as determined from our substrate/over-layer

model.  Experimental data are obtained by averaging the polarization over a
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binding energy range of 0 to 0.2 eV, to reduce the statistical error involved.  This

model predicts an underlying bulk polarization for Fe3O4 of 

p bulk = -65% + 35%.

The rather broad error bars are a result of the broad minimum in the model.

However, the results do indeed suggest that the underlying bulk polarization of

Fe3O4 is significantly higher than that which has typically been measured in

surface sensitive spectroscopies.  In these measurements, the magnitude of the

observed polarization is reduced from it’s “true” value, by the presences of a non-

magnetic surface layer.  It is also possible that experimental factors tend to

reduce the observed polarization, such as the effects of finite analyzer energy

resolution or final state effects.  Nevertheless, based upon these angular and

energy dependences, there remains only a small chance that Fe3O4 may indeed

be half metallic in the bulk.  Below, in the Conclusions Section, we will return to a

discussion of what this measured polarization of - 65% may mean.

IX Comparison of Experimental Results to Theoretical DOS Calculations

Once the physical and experimental effects discussed are properly taken

into account a direct comparison can then be made between theoretical, spin-

dependent bandstructure models and experimental spin-resolved valence-band

spectra. The spin-dependent, valence-band density-of-states of magnetite has

been modeled by Zhang and Setpathy6 using a local spin density approximation

approach (Figure 17). These calculations predict the presence of a majority spin

band gap at Ef extending to a binding energy of approximately 0.4eV.  Hence, the

majority spin population is predicted to be insulating in character.  In contrast, the
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minority carriers possess a metallic character with states derived predominantly

from the Fe 3d t2g bands of the B lattice sites present at the Fermi level.  This

model predicts -100% electron polarization at the Fermi level (and thus half

metallicity in Fe3O4).  The model also predicts the presence of a 1eV wide

bandgap in the minority states at a binding energy of 3eV, resulting in +100%

polarization of the valence band maximum.

However, before a direct comparison can be made between these

theoretical band structure calculations and the experimental data reported here,

the experimental and physical effects discussed previously must be taken into

account. The effects of finite analyzer resolution, surface imperfections, and

differing photoelectron cross sections must be introduced into the calculations in

order to produce "simulated" spin-resolved spectra that facilitate comparison with

the experimental data.

Binding Energy (eV)
Figure 17
Theoretical spin resolved density of states of Fe3O4 (after Zhang and Setpathy, Ref 6.)
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This analysis procedure and the calculation of simulated spin up and spin

down spectra has been discussed in greater detail by the authors elsewhere44.

The result of this process can be seen in Figure 18.

Figure 18
Comparison of
experimental spin up (a)
and spin down (b)
spectra with simulated
spectra derived from the
theoretical bandstructure
of half metallic Fe3O4.
The key operations
employed upon the
theory plots from Figure
17 include broadening
and scaling down the
spin up peak at a
binding energy of 3eV
to match the
experimental curve.
This is tantamount to
reducing the
polarization.

As can be seen there is strong agreement between the experimental data and

the simulated spectra derived from theoretical first principles calculations, once

the broadening and down-scaling operations have been performed.  The

simulated spectra display both the correct overall envelopes as well as

reproducing specific features of the spin resolved spectra such as the strong
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majority peak at 3eV, the reversal of polarization at approximately 1eV and the

strongly negatively polarized Fermi region, which exhibits a polarization of about

-40%.  However, the magnitude and variations of the experimentally measured

spin polarized spectra in the regions of 0.5 – 2.0 eV and 4.0 –5.0 eV  binding

energy are significantly different than the predictions of the theory, even with the

broadening and downscaling corrections.  Hence, although the experimental and

theoretical polarizations are actually in general agreement once corrections for

the effects of the demagnetized surface region are implemented, a detailed

comparison still indicates significant disparities.  This result suggests that while

the single electron results of Zhang and Satpathy 6 are on the right track and

almost quantitatively correct, something additional is going on the the valnce

bands.  This will be addressed below.

X. Summary Discussion

The experiments have demonstrated the feasibility of using well

characterized high quality, strain relieved, ex-situ prepared samples to

investigate the spin resolved band structure of Fe3O4. Measurements conducted

with a variety of spectroscopic and magnetic probes demonstrates that whilst

exposure to air results in the formation of a surface layer of adventitious

hydrocarbons it leaves the chemical, electronic and magnetic properties of the

samples completely unchanged and that the observed dichroic properties,

polarization, at the Fermi energy and band structure of “as received” Fe3O4

sample has been shown to be consistent with that of in-situ grown thin film

samples and cleaved single crystals. The use of higher photon energies to
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conduct the valence band spectroscopy allows us to probe through this

adventitious layer and removes the necessity for potentially damaging cleaning

processes which have been show to significantly impact surface magnetism.

Temperature dependent polarization measurements have shown that the

polarization is largely independent of temperature over a temperature range for

the Verwey transition up to room temperature,  although it does pass through a

maximum amplitude at a temperature of 127K which is linked to changes in the

first order magnetocrystalline anisotropy constant.

However the measured polarization has been shown to be significantly

impacted by the unavoidable presence of a magnetically dead surface layer.

Hence obtaining a surface with a polarization that is truly representative of that of

the bulk material is not feasible by any conventional sample preparation

techniques. However, by probing the spin-resolved band structure of "as

received" samples without attempting to further modify the surface in any way,

and by using photons of a higher energy than conventionally used for spin-

resolved photoemission, we can probe through this disrupted surface layer. By

combining this approach with theoretical predictions we obtain an estimate of the

polarization of the underlying bulk material. The band structure of these "as

received" samples has been compared to existing theoretical models which

predict half metallic character for Fe3O4 and has been shown to be in general

agreement once the effects of finite analyzer energy resolution, surface

imperfections, and photoelectron cross sections are considered.
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XI. Conclusions

The salient results are as follows:

1. The measured polarization at the Fermi Edge of the “as received” samples

was approximately –30% to -40%.

2. Using take-off angle and photon energy variations to probe the Fermi

Edge polarization of the underlying bulk material, a bulk polarization value

of –65% was obtained.

3. Comparing simulated spectra based upon a single electron model to the

experimental spectra produced near quantitative agreement, but nagging

discrepancies remain.

All of this points to something going on beyond the prediction of –100% from a

single electron picture.  The obvious candidate is electron correlation.

Interestingly, Alvarado and Bagus 45 addressed this issue in 1978,  and predicted

that the photoelectron spin polarization for a high spin state of d6 character would

be –2/3 = -66.7%. (Figure 19) This is embarrassing close to the determination

above for the underlying bulk polarization being – 65%.  (Additionally, it should

be noted that measurements performed by Vescovo et al 46  using the PNNL type

of samples produced a polarization value of –50%, qualitatively supporting our

values of –30% to 40% and –65%.)  Although the possibility remains that if

measurements could be performed an 0K (an impossibility because of the

verway transition), all of the evidence to indicates that electron correlation

reduces magnitude the Fermi Level polarization, so that the desired value of

–100% polarization is not achieved.  Fe3O4 is not a half-metallic ferromagnet.
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Figure 19
Spin polarization argument following Alvarado and Bagus.  See Ref 45.
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